Fluorescence in situ hybridization (FISH) with both of 5S and 18S rDNAs, and Arabidopsis-type telomere sequences was carried out in 3 species of the genus Artemisia (Asteraceae) with different basic chromosome numbers, xϭ8, 9 and 17, to understand their chromosomal organization and evolution. Chromosomal distribution of telomere sequences, which was restricted only to the ends of all chromosomes, was reported here for the first time in this genus. Although 5S rRNA gene loci are generally localized independently of 45S rRNA gene loci in eukaryotic chromosomes, all of the 5S rDNA sites are the same number and co-localized with the 18S rDNA sites in the species investigated. We also discussed the chromosomal evolution of A. feddei (xϭ8) and A. princeps (xϭ17) having a derivative basic chromosome number in this genus.
Chromosomal distributions of constitutive tandem repeat sequences, especially 5S and 18S-5.8S-26S (45S) ribosomal RNA genes and telomere repetitive sequences, have been vigorously investigated to understand the chromosomal organizations and phylogenetic relationships among closely related taxa, since the fluorescence in situ hybridization (FISH) techniques have been developed (Jiang and Gill 2006; Schwarzacher 2003) . The 45S rRNA gene may occur in several loci in the genome, each of which is a single transcription unit, and is located in the nucleolar organizing regions (NORs) in eukaryotic chromosomes. The 5S rRNA gene comprises coding region and variable intergenic spacer, and is generally located independently of 45S rRNA gene cluster in eukaryotic chromosomes (Schmidt and Heslop-Harrison 1998) . On the other hand, the chromosomal ends of most eukaryotes are protected with tandem array of short nucleotide sequences called telomere repeats to prevent the chromosomal ends shortening every cell division (Blackburn and Greider 1995) .
Physical mapping of both 5S and 45S rDNAs has been carried out in some species of the genus Artemisia of the family Asteraceae, and interestingly shown that the 5S rRNA gene loci are co-localized with the 45S rRNA gene loci at the end of short arms of several chromosomes (Torrell et al. 2003 , Hoshi et al. 2006 , Garcia et al. 2007 , Pellicer et al. 2008 . In contrast, no data on the FISH with the Arabidopsis-type (T 3 AG 3 ) telomere sequences is available in the genus Artemisia. Because the co-localization of both 5S and 45S rDNA sequences is considered to be a rare phenomena in the eukaryotes (Srivastava and Schlessinger 1991) , it is interesting to elucidate the chromosomal organization and genome evolution in the genus Artemisia.
The genus Artemisia L. is the largest genus in the tribe Anthemideae of the family Asteraceae, which consists of around 500 species distributing mainly in the Northern Hemisphere (Ling 1991a , 1991b , Bremer and Humphries 1993 . On the cytological feature of the genus Artemisia, 3 basic chromosome numbers, xϭ8, 9 and 17, are reported. The most common basic chromosome number is xϭ9 (87.6% out of 338 species of which chromosome number was reported; Watanabe 2002) , which is considered to be the ancestral status (Masumori 1961) , and a less frequent basic chromosome number is xϭ8 (7.7%). Furthermore, a few species belonging to the section Artemisia, such as A. princeps, A. asiatica and A. grenata, are known to have the basic chromosome number of xϭ17 (2.7%). However, physical mapping of both 5S and 45S rDNAs has been carried out mainly in the species with xϭ9 and the previous studies have not referred to species with xϭ17.
The aims of this investigation are to clarify the chromosomal distribution of 5S and 45S ribosomal RNA gene loci, and Arabidopsis-type telomere sequences in the species with different basic chromosome numbers, xϭ8 (A. feddei), 9 (A. keiskeana) and 17 (A. princeps), using FISH technique. We also discuss the karyological relationships between the species investigated.
Materials and methods

Materials and chromosome preparation
Materials used in this study are listed in Table 1 . Plant materials were collected from the field, and voucher specimens of three Artemisia species were deposited at the Nihon University College Museum of Bioresource Sciences. Five plants were karyologically investigated in each species. The roots were pretreated with 2 mM 8-hydroxyquinoline at room temperature for 3 h before they were fixed in ethanol-acetic acid (3 : 1) at 4°C for 24 h. Fixed roots were washed 3 times in distilled water for 5 min and their root-tips were cut to 2-3 mm long. Ten to 30 root-tips were placed in a microcentrifuge tube containing 500 ml of enzyme solution (4% Cellulase Onozuka-RS (Yakult Honsha) and 2% Pectolyase Y-23 (Kikkoman), pH 4.2) and incubated at 37°C for 1 h. After washing 3 times with distilled water, a few of the washed root-tips were put onto a glass-slide. Then, 10-20 ml of the fixative was dropped onto the root-tips, and the root-tips were immediately spread and air-dried. For the karyotype analysis, the preparations were stained with 1% aceto-orcein at room temperature for 10 min. Chromosomal measurements were made from microscope images of at least 10 well-spread metaphase plates taken by DP50 CCD camera (Olympus). Chromosomes at mitotic metaphase were classified by arm ratio following Levan et al. (1964) .
PCR amplification of 5S and18S ribosomal DNAs, and Arabidopsis-type telomeric sequences
Total genomic DNA was extracted according to the method of Shaw (1988) from young growing leaves of A. keiskeana. PCR amplification of 5S and 18S rDNAs followed the procedure of Hizume (1993) and Sogin (1990) , respectively. The sequences of the primers were as follows: 5Ј-CGGTGCATTAATGCTGGTAT-3Ј and 5Ј-CCATCAGAACTCCGCAGTTA-3Ј for the repeating units in 5S rRNA gene clusters, and 5Ј-AACCTGGTTGATCCTGCCAGT-3Ј and 5Ј-TGATC-CTTCTGCAGGTTCACCTAC-3Ј for the 18S rRNA coding regions. PCR reaction mixture (total 116 Cytologia 74(2) H. Matoba and H. Uchiyama 50 ml) contained 60 ng of template DNA, 200 pM of each primer, 0.1 mM of each dNTP, 10 mM Tris-HCl pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , and 1 unit of Taq polymerase (Toyobo). Amplification was performed in a Takara PCR Thermal Cycler MP (Takara) programmed for 1 cycle of 4 min at 94°C, 30 cycles of 30 s at 94°C, 30 s at 60°C, 60 s at 72°C, and 1 cycle of 5 min at 72°C. Arabidopsis-type telomere sequences were synthesized using PCR primer (5Ј-TTTAGGG-3Ј) 5 according to Ijdo et al. (1991) .
Fluorescence in situ hybridization (FISH)
The 5S and 18S rDNA probes amplified by PCR were labeled with digoxgenin-11-dUTP and biotin-14-dATP (Roche), respectively, following the supplier's instructions. Telomere sequences were labeled with digoxgenin-11-dUTP using Dig-High Prime (Roche) following the manufacturer's protocol. Labeled probes were denatured at 95°C for 10 min. Hybridization mixtures contained 50% formamide, 10% dextran sulfate and each probe at a concentration of 4 ng/ml in 2ϫSSC. 25 ml of hybridization mixture was put on a chromosomal preparation and covered with a cover-slip and 2009 117 FISH analyses of rDNA and telomere in Artemisia sealed with rubber gum. The slides were denatured at 72°C for 3 min on a hot plate and then incubated overnight at 37°C in a humid chamber. Then, cover-slips were floated off in 2ϫSSC and slides were rinsed in 2ϫSSC at 42°C for 10 min, 0.2ϫSSC at 42°C for 10 min, and 2ϫSSC/0.2% Tween 20 at room temperature for 10 min twice. Slides were blocked with 5% (w/v) bovine serum albumen in 2ϫSSC/0.2% Tween 20 for 10 min at room temperature. Probes were detected with 100 ml of 5 mg/ml anti-digoxigenin-rhodamine (Roche) or 2 mg/ml avidin-FITC (Roche) in 2ϫSSC in each slide for 1 h at 37°C in a humid chamber. Slides were washed in 2ϫSSC/0.2% Tween 20 for 10 min twice, 2ϫSSC at room temperature. The slides were then mounted in Vectashield Mounting Medium (Vector Lab.) containing 500 ng/ml of 4Ј,6-diamidino-2-phenylinodole (DAPI). Fluorescence images were captured with a DP50 CCD camera (Olympus) and processed using the Adobe Photoshop Version 7.0 (Adobe Systems).
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Results
Karyotype analysis
Chromosome numbers and karyotype formulas are summarized in Table 1 . The chromosome numbers of A. feddei, A. keiskeana and A. princeps were counted to be 2nϭ16, 18 and 34, respectively (Fig. 1) . Three species investigated had similar symmetric karyotype that consists of one pair of submedian and subterminal chromosomes each and the remaining median chromosomes at diploid level (Table 2) . Chromosome length was gradually decreased from the largest to the smallest one (Table 2) . However, A. keiskeana had somewhat larger chromosomes than the other species (Table 2, Fig. 1) , and submedian chromosomes of A. keiskeana indicated a small arm ratio (1.7) 2009 119 FISH analyses of rDNA and telomere in Artemisia near to the median category compared with that of the other species (2.2-2.5) ( Table 2 ). Because satellites located in the terminal position of the short arms of some chromosomes were dot-like in shape and very small in size, it was difficult to observe the correct numbers of satellite chromosomes by the ordinary staining method for karyotype analysis.
Fluorescence in situ hybridization
Simultaneous FISH carried out with digoxigenin labeled 5S rDNA (red) and biotin labeled 18S rDNA probe (green) is shown in Fig. 2 . Both 5S and18S rDNA sites were detected in the terminal position of the short arms of several chromosomes in all 3 species studied. Superposed figures showed both of 5S and 18S rDNAs overlapped with each other in all the sites (Figs. 2C, F, I) . A. feddei (2nϭ16) and A. keiskeana (2nϭ18) had 4 rDNA sites, and the rDNA sites were detected in only median chromosomes in A. feddei (Table 1, Fig. 2J ) but in median and subterminal chromosomes in A. keiskeana (Table 1 and Fig. 2K ). On the other hand, A. princeps (2nϭ34) possessed six rDNA loci on 2 median and 4 subterminal chromosomes (Table 1, Fig. 2L ). Fig. 3 shows the results of FISH of telomere sequences to metaphase chromosomes and revealed that all chromosomes had the telomere sequence at the both ends of their chromatids. No signals of the telomere probes were observed in the interstitial region of the chromosomes.
Discussion
Our FISH results with two rDNA probes showed that both 5S and 18S rDNAs were localized at the end of short arms in several chromosomes (Fig. 2) , and all 5S rDNA sites were the same number and co-localized with 18S rDNA sites (Fig. 2) . The 5S rRNA gene is generally located independently of 45S rRNA gene cluster in eukaryotic chromosomes, and the co-localization of 5S and 45S rDNAs has been reported only in the Bryophyta among the land plants (Sone et al. 1999) . Sone et al. (1999) suggested that the insertion of 5S rDNA into 45S rDNA had taken place after the divergence from land plants because the co-localization of 5S and 45S rDNAs has been reported in some lower eukaryotes whereas not found in any spermatophytes. Thereafter, FISH analyses have revealed that a part or all of 5S rRNA loci in the chromosome complement co-localizes with 45S rRNA loci in a few species of spermatophytes, such as Podocarpus (Murray et al. 2002) , Ginkgo (Nakao et al. 2005) , Linum (Muravenko et al. 2004) , Rhoeo (Golczyk et al. 2005) , Hordeum (Taketa et al. 2005) and Alstroemeria (Baeza et al. 2007 ). In addition to the plant species, 120 Cytologia 74(2) H. Matoba and H. Uchiyama the co-localization has been reported in some animal species, such as calanoid copepod (Drouin and Moniz de Sá 1995) , fishes (Pendás et al. 1994 , Morán et al. 1996 , Mandrioli et al. 2000 , Gromicho et al. 2006 and Rodentia species (Dobigny et al. 2003) . Recently, Garcia et al. (2009) revealed the physical linkage of 5S and 45S rRNA genes in a single unit in the Artemisia genome by molecular techniques, Southern blot hybridisation, PCR, sequencing of clones and rDNA-FISH. Moreover, they indicated that linkage of both rDNAs occurs extensively in the tribe Anthemideae and it might also be present in some other Asteroideae tribes. Thus, the co-localization of both 5S and 45S rDNA sequences is widely scattered among higher eukaryotes. Arabidopsis-type telomere sequence probes were detected at the both ends of all chromosomes in the 3 species studied by FISH (Fig. 3) . This is the first report for the genus Artemisia. Furthermore, the chromosomal distribution of telomere sequences was only restricted to the chromosome ends. Since the 5S and 45S DNAs were localized at the chromosomal ends, the telomere repeats might be linked with the rDNAs in Artemisa chromosomes (compare Figs. 2, 3) . More detailed molecular analyses of these sequences will be expected, because the distribution pattern of rRNA genes and telomere sequence on DNA fibre has not been found out.
The origin of xϭ8 and xϭ17 in the Japanese Artemisia remains unclear. Because the ancestral basic chromosome is xϭ9 in this genus, the origin of xϭ8 is considered to be chromosomal deletion or chromosome fusion from xϭ9. Obviously large chromosomes in the karyotype were observed in some species with xϭ8 suggesting chromosome fusion Siljak-Yakovlev 1997, Torrell et al. 2001 ), but not observed in A. feddei (xϭ8) in this study (Table 2, Fig. 1 ). Arano (1963) had reported that A. keiskeana (xϭ9) had 2 pairs of satellite chromosomes, but A. feddei (xϭ8) had 1 pair of satellite chromosomes. Consequently, Arano (1970) had proposed that missing 1 pair of satellite chromosomes caused the chromosomal reduction in the course of evolution of A. feddei. However, Hoshi et al. (2003) had reported that A. feddei had 4 satellite chromosomes. Our FISH results showed that both A. feddei and A. keiskeana possessed 4 rRNA loci on their karyotypes (Table  1, Fig. 2 ). Thus, these results indicate that chromosomal reduction from xϭ9 to xϭ8 may be caused by the absence of chromosomes without a satellite.
On the other hand, Kawatani and Ohno (1964) have noted that xϭ17 consists of chromosomal reduction from an ancestral tetraploid (2nϭ36) with xϭ9, while Arano (1962) considered that A. princeps (2nϭ34 of xϭ17) are presumably of amphidiploid origin (xϭ8ϩ9) produced by the combination of A. feddei (2nϭ16) as a putative parent. Our FISH results showed that both A. feddei (2nϭ16) and A. keiskeana (2nϭ18) had 4 rRNA loci, but A. princeps had 6 rRNA loci (Fig. 2) . Furthermore, rRNA loci were observed in 4 median chromosomes of A. feddei and in 2 median and 2 subterminal chromosomes of A. keiskeana, although rRNA loci of A. princeps were detected in 2 median and 4 subterminal chromosomes (Table 1, Fig. 2 ). Thus, it seems unlikely that A. feddei is considered as a hypothetical parent of A. princeps.
To reveal the origin of xϭ8 and 17 based on the chromosomal analysis, additional FISH with different chromosome markers and/or GISH using more Artemisia species are necessary.
